A field emitter array held at the threshold of emission by a dc gate potential from which current pulses are triggered by the application of a laser pulse on the backside of the semiconductor may produce electron bunches ͑''density modulation''͒ at gigahertz frequencies. We develop an analytical model of such optically controlled emission from a silicon tip using a modified WentzelKramers-Brillouin and Airy function approach to solving Schrödinger's equation. Band bending and an approximation to the exchange-correlation effects on the image charge potential are included for an array of hyperbolic emitters with a distribution in tip radii and work function. For a simple relationship between the incident photon flux and the resultant electron density at the emission site, an estimation of the tunneling current is made. An example of the operation and design of such a photon-assisted field emission device is given.
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In comparison to solid state devices, microwave power tubes provide higher power operation with larger currents, higher threshold for voltage breakdown, and increased bandwidth due to the higher electron mobility in vacuum. 1 Field emitter arrays ͑FEAs͒ offer opportunities for advanced amplifiers by virtue of high current density and high pulse repetition frequencies. 2 Dramatic improvements in amplifier performance are enabled by density modulation. 3 In particular, bunching the electron beam at the cathode surface would eliminate a substantial portion of the interaction circuit, enabling reductions in overall dimensions and weight, through the elimination of the premodulation circuit. A study by Whaley et al. 4 concluded that a FEA traveling wave tube ͑TWT͒ will have attractive performance capabilities not achievable with a conventional thermionic TWT.
Density modulation carries a cost. Premature FEA failure due to arcing at current levels two orders of magnitude smaller than design requirements precluded success for a program to incorporate FEAs into a power tube. 5 Because of the high-frequency ͑10 GHz͒ modulation of the gate potential and the inherent FEA capacitance, resistive protection of the FEA ring cathodes was not available. Hence, the individual emitters were driven hard and were not protected against arc damage. We shall discuss an alternate method for producing electron bunches by optical means. A fundamental description of the emission mechanism from a semiconductor surface is given, including band bending and exchangecorrelation effects, leading to a qualitative estimation of array performance, and an assessment of impact on device performance.
If a semiconductor field emitter array is held at the threshold of emission by a dc gate potential, current pulses can be generated by the application of a laser pulse on the backside of the semiconductor-in contrast to previous literature which treat illumination of an emitter tip, or laser generated electron bunches, by front-side illumination.
6 Density modulation can then be achieved at gigahertz frequencies without suffering from the restriction in reduced emission area and small unit cell geometry. Such an arrangement has been designated photon assisted field emission device ͑PAFED͒. 7 Bypassing gate modulation has many advantages in addition to circumventing the capacitance limitation and reducing the risk of arc damage: increased emission area due to bypassing the capacitance limitations on gate modulation results in a reduced tip load, tailored harmonics in the power tube, ease of thermal management enabled by forced convection cooling, and the ability to combine various integrated devices with the PAFED.
Significant field emission current is triggered when the backside of the PAFED is illuminated by a light emitting diode or laser diode. A high resistivity semiconductor such as Si, whose conductivity and the quasi-Fermi level can be changed through the photoconductive effect, in which absorbed photons excite electrons from the valence band to the conduction band, is utilized. The increase in electron density in the conduction band of the Si field emitter tip will locally change the electron density, thereby causing the tip to change from its previous nonemitting condition to an electron emission condition. The dc biased electric field, combined with electron diffusion, will promote the drift of the excited electrons toward the field emitter tips. 7 The standard method for evaluating field emission current from a metal 8 involves evaluating the transmission coefficient T(k) and integrating it with the product of the supply function of electrons f 0 (k)͓#/Å 2 ͔ and the electron velocity v(k)ϭបk/m (Å/fs). The barrier height is typically the sum of the work function ⌽ ͓eV͔ and chemical potential ͓eV͔. Image charge modifications, due to many-body exchange-correlation potentials, 9 lowers the barrier by For field emission conditions, the following approximation has been found to relate the externally applied field to the electrochemical potential at the surface:
͑1͒
Equation ͑1͒ is solved iteratively to obtain (x) as a function of F and T. Wigner distribution function simulations have shown that at fields where emission is significant, the zero emitted current approximation ͑ZECA͒ used to calculate T(k) overestimates the band bending and therefore current density. The density profile presumed by ZECA is not valid near the vacuum interface.
11 Self-consistent calculations show, however, that a shifted image charge potential is valid. 12 The exchange-correlation potentials due to electron statistics and density variation, which cause deviations from the simple image charge form, may be approximated by 13 V͑x ͒ϭϩ⌽ 0 ϩ 8 3
where x 0 ϭប/ͱ(2mV max ), V max is the maximum value of the potential បk F ϭͱ(2m), and x i (k F x 0 ) is the origin of the background positive charge. Because x 0 depends on F, it must be evaluated iteratively. ⌽ 0 is related to the experimental ⌽ by the relation V(ϱ)͉ Fϭ0 ϭ⌽. The effective work function ⌽* is defined as
is then well approximated by ϩ⌽*ϪF(xϩx 0 ) ϪQ/(xϩx 0 ), i.e., a shifted image charge potential. Because x 0 and x i depend on the maximum of V(x), Eqs. ͑2͒-͑3͒ must be iteratively solved before ⌽* may be used in the Wentzel-Kramers-Brillouin analysis.
The choice of E(k)Ϸ is a poor expansion point for linearizing ln(T(k)) when ␤ is small. Performing the expansion about the maximum of the current integrand gives much greater accuracy, but must be iteratively and numerically sought. Comparisons were made with a recently developed exact ͑but more intensive͒ method of evaluating T(k) using an Airy function approach, for which current estimates are shown to agree to within a factor of 2; such a method is sufficiently rapid on a desktop computer, and will therefore be used to find the current.
The ''statistical hyperbolic model'' of a field emitter 2, 14 estimates tip and array current based on FEA geometrical and material parameters. The ratio of the array current to the product of the tip current with the number of tips defines the statistical factor ⌺ ͑which accounts for nonuniformity of emission, or the fact that current from tip to tip varies for a typical array͒. Departing from previous work, in addition to assuming a linear distribution in tip radii between the values a s and a s (1ϩ⌬s), a linear distribution in effective work function ⌽ between the values ⌽ and ⌽ϩ⌬⌽ is also assumed. The statistical factor becomes
where b a and b are perforce numerically calculated using an Euler differencing scheme to approximate the derivatives b x ϭϪ‫ץ‬ s ln(I tip (X)), where X is either the tip radius a s or the work function ⌽. The semiconductor statistical hyperbolic model ͑SSHM͒ was validated by comparing predictions to silicon emitters manufactured by MCNC with the following parameters ͑not adjustable͒ obtained from the literature: 15 tip radius a s ϭ30 Å, gate radius a g ϭ0.9 m, hyperbolic cone half angleϭ22°, and number of tipsϭ18 291. All other parameters not specified are assumed to be typical of silicon. The parameters ⌬s and ⌬⌽ were taken as ⌬⌽Ϸ0.3 eV ͑work function change for a generic adsorbate͒ and ⌬s Ϸ0.3 ͑a ''common'' value, though it may be adjusted to achieve a better fit to experiment͒. For these parameters, Eq. ͑5͒ predicts 15%-20% of the tips contribute to the array current. In the experimental data of Ref. 15 , a 100 k⍀ gate resistor protected against arc damage ͑other resistances not considered here appear in the equivalent circuit model due to anode and base͒. Current intercepted by the gate is typically less than 0.5% for low gate voltages, but calculation shows that at 75 V, the anode current is a nontrivial fraction of the Child's law limit. If the current deflected to the gate increases to 1.5% of I anode (Ϸ4.5 mA), which is reasonable, 16 then the gate voltage the tip experiences is 6.7 V smaller or, in terms of resistance, Rϭ⌬V gate /I anode Ϸ1500 ⍀. This effective resistance is incorporated into the voltage axis of Fig.  1 . The model then agrees with published data. SSHM is therefore deemed sufficient to make estimates of PAFED performance.
Electron , where unprimed values are in the absence of the laser pulse.
In Fig. 2 , the relationship between the array current and the chemical potential is shown for an emission disk of radius 1 mm with tips on a triangular lattice spaced 10 m apart (N tips ϭ72 552). If the gate potential is held such that prior to the pulse the emission current is 0.1 mA( ϭ1.62 eV), then our conservative estimate indicates that the pulse will cause to increase 16.5% and hence the current to increase by a factor of 23. Greater increasess may be achieved by more intense lasers in combination with operating at lower ''turn on'' gate voltages, but as shown by Whaley et al., 4 the ratio I ave /I peak does not have to be small to achieve good efficiency in an emission-gated TWT. Consequently, the capabilities implied by PAFED technology have significant promise.
We have provided a description of the operation of a PAFED. While our example focuses on the most demaning application of TWTs, this class of optically controlled electron emission devices clearly has a potentially wide range of applications. A model of field emission from silicon was developed, which accounts for complications due to band bending and departures from standard models used to estimate current from semiconductors. The model was validated against exact solutions to Schrödinger's equation, and the SSHM compared favorably to experimental data from MCNC. Current pulses over an order of magnitude greater than the base-line current could be obtained for generic parameters, demonstrating PAFED's utility for emission-gated devices.
